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ABSTRACT
The main experimental results on jet production at HERA are reviewed. A
study of jet shapes shows that the internal structure of jets is well understood.
The potential to accurately determine the strong coupling constant using jet
rates is discussed. First attempts to extract the gluon density in next-to-leading
order are presented. Although fixed order perturbative QCD is able to describe
the shape of most variables associated to the hard subprocess leading to jets, it
does not reproduce the absolute dijet rate over a large phase space region.
1. Introduction
HERA colliding 27.5 GeV positrons on 820 GeV proton offers an ideal testing
ground for perturbative QCD in deep-inelastic scattering (DIS).
Hard processes can be investigated as function of a variable scale, such that the
transition from one phase space region to another or the interplay between two hard
scales, like e.g. the photon virtuality Q2 or the transverse energy of a parton, can be
studied. The center of mass energy of
√
s ≈ 300 GeV leads to a large phase space
for hadron production and to the possibility to observe clean ‘jets’ in the hadronic
final state.
Jets are event properties relating the unobservable quarks and gluons to the mea-
surable hadronic final state. Quantitative studies of jets require an exact definition of
how to combine the spray of hadrons observed in the detector to jets. The definition
should be suitable for the experimental analysis and for the theoretical calculation.
Moreover, it should lead to infrared and collinear safe results, which do not change,
if a low energetic particle is added or if a particle is split into two. Jets are usu-
ally defined either by cone type algorithms maximizing the transverse energy flowing
through a cone in the (η, φ) planeaor by algorithms successively recombining clos-
est particles. Clustering algorithms iteratively merge pairs of particles until only a
few well separated objects are left. The decision to assign a given object to a jet is
based on a distance measure dij and a resolution parameter ycut = dij/scale. Table 1
a The pseudo-rapidity is η = − ln tan (θ/2), where θ is defined with respect to the incident proton.
The proton defines the negative z axis. φ is the azimuthal angle.
Name distance measure dij scale remnant treatment
JADE 2EiEj(1− cos θij) W 2 ∑hE − Pz
W (pi + pj)
2
KT 2min(E
2
i , E
2
j )(1− cos θij) Q2 or dip = 2 E2i (1− cos θi)
long.inv. KT 2min(E
2
T i, E
2
T j)(∆η
2
ij +∆φ
2
ij) fixed E
2
T dip = 2 E
2
T i
scheme E or JADE P E0
combination pk = pi + pj Ek = |~pi + ~pj| Ek = Ei + Ej
procedure ~pk = ~pi + ~pj ~pk = (Ei + Ej) (~pi + ~pj)/(|~pi + ~pj |)
Fig. 1. Summary of the main characteristics of popular jet clustering algorithms. For the KT
algorithm the remnant is considered as a particle p with infinite momentum. In the JADE and
W algorithm a pseudo-particle with longitudinal components calculated from the hadrons in the
final state is introduced to account for the remnant. The combination procedure defines how the
four-momentum pi = (Ei, ~pi) of two objects i and j are combined to an object k.
summarizes choices for commonly used clustering algorithms. Also shown are various
procedures for the addition of particle 4-momenta to obtain the jet four-momentum
(recombination schemes).
Traditionally cone algorithms have been applied in pp¯ collisions where special care
has to be taken to separate particles belonging to the beam remnant from particles
associated with the hard subprocess. Cone algorithms are invariant under longitudinal
boosts. In e+e− collisions, where the initial state is free of color charges and where
every particle can be assigned to jets, clustering algorithms have been used. In DIS
or pp¯ collisions they can also be used if an additional particle to mimic the hadron
remnant is put in by hand.
At HERA, events with two jets in the central part of the detector plus the jet
associated with the proton remnant (2 + 1 jet events) can be produced in a quark
(qγ → qg) or a gluon (gγ → qq¯) initiated hard subprocess (see Fig. 2). The 2 + 1 jet
cross section is given by1:
d2σ2+1
dxdQ2
∼ αs(µr)
∫
dξ
ξ
(Cqg(x/ξ, zq, x, Q
2) · q(ξ, µ2f) + Cqq¯(x/ξ, zq, x, Q2) · g(ξ, µ2f)) (1)
where αs is the strong coupling constant, µr the renormalisation and µf the factori-
sation scale. x and Q2 are the usual variables to inclusively describe deep-inelastic
scattering (see Fig. 2 for definition). The coefficient functions Cqq¯ and Cqg can be
calculated in perturbative QCD. In addition to x and Q2 they dependbon the two
variables ξ and zq characterizing the short distance subprocess which is responsible
for the dijet system. The fraction of the longitudinal proton momentum carried by
the incoming parton ξ, can be calculated in leading order αs (LO) from the invariant
mass of the jet system
√
sˆ:
ξ = x (1 + sˆ/Q2) (2)
bThe dependence of Cqg and Cqq¯ on the azimuthal angle φ between the lepton and the parton
scattering plane is not given in the formula.
pe
p,e
γ x,Q
2
 
 
xq/p
P
pe
p,e
γ x,Q
2
xg/p
 
 
P
s
>
W2
a) b) DIS variables:
Q2 = −q2
x = Q2 /(2P · q)
W 2 = Q2 (1− x)/x
sˆ = (j1 + j2)
2
ξ = x (Q2 + sˆ)/Q2
zq = (P · j1)/(P · q)
Fig. 2. Feynman diagrams for the production of 2+ 1 jet events to first order of αs in ep -collisions.
q (P ) denote the four-momentum of the photon (proton). j1 (j2) is the four-momentum of one of
the jets associated to the hard subprocess.
The variable zq is given by:
zq =
P · j1
P · q ≈
1
2
(1− cos θ∗) ≈ Ej(1− cos θj)∑
j=1,2Ej(1− cos θj)
(3)
where q (P ) is the 4-momentum of the photon (proton) and θ∗ is the polar anglec
of one of the jets with 4-momentum j1 in the photon-parton center of mass frame.
Ej and θj are the energy and polar angle of the jets in the laboratory frame. The
parton distribution functions in the proton q(ξ, Q2) and g(ξ, Q2) absorb the collinear
and infrared singularities which occur in the calculations of Cqq and Cqg, and they
have to be extracted from experiments. Once measured at some scale Q20, they can
be perturbatively evolved to any other scale, e.g. Q2, using the DGLAP equations2.
By convoluting them with the appropriate coefficient functions, they can be used to
calculate the cross section in any other process. In this sense they are universal.
In leading order of αs, the coefficient functions diverge like Cqq¯ ∼ 1/(zq(1 − zq))
and Cqg ∼ 1/((1 − x/ξ)(1 − zq)) and have to be regulated by a cut-off. In Fig. 3 is
shown how the cross section d2σ/dxpdzq (where xp = x /ξ) increases towards low zq
and xp and towards zq = 1. It is clear that in the regions where the LO cross section
diverges, large contributions from higher orders can be expected.
The dijet cross section including higher order parton emissions are difficult to
calculate using exact expressions for the coefficient functions. Since the phase space
integrals cannot be solved analytically, numerical methods have to be applied. Re-
cently several Monte Carlo integration programs computing the cross section to next-
to-leading order (NLO) became available. Early attempts like PROJET5 or DISJET6
used a semi-analytical approach which only allowed jets to be defined by the W al-
gorithm with the JADE scheme7 and were restricted to a small set of calculable
distributions. Moreover, in these programs approximations were made which turned
out not to be valid over the full phase space8. The programs MEPJET8, based on
a phase space slicing method9, and DISENT10, based on a method to subtract the
cThe polar angle is defined with respect to the incoming parton direction.
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provide a cut against soft and collinear emissions relative to the initial parton direction.
This scheme is essentially taken over from e
+
e
 
annihilation and is used in the JADE
algorithm for jet reconstruction.
Here, we introduce the `z^s' scheme, which is a variant of the mixed scheme [16]. In the
z^s scheme the soft and collinear divergences with respect to the incoming parton direction
are regulated with a cut in z
q
such that z
q;min
< z
q
< 1   z
q;min
. In addition there is also
a cut in the invariant mass of the hard subsystem, ^s > ^s
min
, which regulates the soft
and collinear divergences for the two produced partons. In this way the divergences with
respect to the incoming parton direction and with respect to the hard subsystem are
treated separately. The advantages of this scheme will become clear in the following.
The dierence between these two cut-o schemes is demonstrated in Figs. 2 and 3. In
the W scheme the cut-o in z
q
is to a good approximation given by y
cut
< z
q
< 1   y
cut
whereas the cut-o in ^s is given by ^s > y
cut
W
2
. Since ^s = Q
2
(1=x
p
  1) the cut in ^s can
be translated into one in x
p
instead, x
p
< Q
2
=(^s
min
+Q
2
) = x=(x+y
cut
). This means that
if one wants to use the matrix element for small ^s (i.e. large x
p
) one also gets very close
to the divergences at z
q
= 0 and 1. In the z^s scheme on the other hand these divergency
regions can be avoided and larger x
p
can be reached since the two divergences are handled
separately. This has the advantage that a region with a large 2+1-jet event rate can be
treated with the matrix element. With smaller ^s one can, e.g., reach smaller x in an
extraction of the gluon density g(x;Q
2
) from the boson-gluon fusion process [18, 19].
Figure 2: Dierential rst order QCD cross-section, eq. (1), for x = 10
 3
and Q
2
= 10
GeV
2
in DIS at HERA using (a) the z^s scheme with z
min
= 0:037 and ^s
min
= 1 GeV
2
, (b)
the W scheme with y
cut
= 0:00062. The cuts have been chosen very small, such that the
rst order cross-section equals the total cross-section, to illustrate the behaviour of the
cross-section close to the divergences.
Fig. 2 illustrates the 2 + 1 parton phase space for the two dierent schemes with the
cut-os chosen such that the 2 + 1 parton cross section equals the total cross-section.
From the gure it is obvious that the W scheme has the disadvantage to get very close
to the divergences at z
q
= 0 and 1, while the z^s scheme avoids these regions and instead
reaches larger x
p
.
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Abbildung 6.2: Einu der Partonschauer in der kinematischen Ebene
Gezeigt ist die

Anderung der integrierten 2+1 Jetrate R
2+1
auf Partonniveau durch Hin-
zuf

ugen der Partonschauer. Die Zahlenangabe sind in Prozent. Die Jetrate wurde

uber
den Bereich y
2
> 0:02 integriert. Die doppelt logarithmisch dargestellte kinematische Ebe-
ne in x
Bj
und Q
2
wurde in beiden Gr

oen jeweils in zehn gleiche Abschnitte unterteilt.
Die Zahlen bend n sich in deren Mitte. Generiert wurde mit LEPTO 6.1 im kinemati-
schen Bereich W
2
> 5000GeV
2
, y < 0:7 f

ur Q
2
> 100GeV
2
, und E
Elektron
> 14GeV f

ur
10GeV
2
< Q
2
< 100GeV
2
. Die kinematischen Schnitte entsprechen denen der Datense-
lektion. Die Linien in der Abbildung stellen diese Schnitte dar.
6.3 Abh

angigkeit von der Ereigniskinematik
Wie stark die

Anderung der 2 + 1{Jetrate durch die Partonschauer von der Ereigniskine-
matik abh

angt, zeigt die Abbildung 6.2. Hierzu wurde die y
2
{Verteilung

uber den Bereich
y
2
> 0:02 integriert. Diese integrierten 2 + 1{Jetraten wurden f

ur MEPS und ME gebil-
det. Die Abbildung zeigt den relativen Unterschied zwischen den Raten in Prozent f

ur
verschiedene Bins in x
Bj
und Q
2
. Besonders bei kleinen x
Bj
und bei kleinen Q
2
wird die
Jetrate durch die Partonschauer stark erh

oht. Bei sehr groen Q
2
und x
Bj
reduzieren die
Partonschauer die Jetrate.
Anhand von Abbildung 6.3 wird gezeigt, wie diese Kinematikabh

angigkeit eine 
s
{
Messung beeinussen kann. Gezeigt ist die integrierte 2 + 1{Jetrate in Abh

angigkeit von
(b)
Fig. 3. a) Differential cross section d2σ/dxpdzq in first order of αs for x = 10
−3 and Q2 = 10 GeV2.
The figure is taken fr m ref.3. b) Relative change in percent of the dijet rates when adding to the
leading order cross section igher ord rs based on a le ding logarithm parto showe model in
the LEPTO Monte Carlo. The lines represent typical selection cuts on the scattered electron. In
addition, a cut on zq > 0.1 has been applied. The jet rate is based on the JADE algorithm for
ycut = 0.02. The figure is taken from ref.
4.
divergences from individual contributions11 and on an analytical treatment of specific
divergent terms12, are flexible NLO Monte Carlo programs which allow any jet defi-
nition scheme and arbitrary experimental cuts to be analyze . For Q2 > 40 GeV2
and for jets defined by the kT algorithm
13 the agreement of the 2 + 1 and 3 + 1 jet
cross sections between the two programs is found to b on the 3% level14.
Higher order parton emissions and models for the transition of partons into
hadrons are only included in Monte Carlo programs ncorporating coefficient fu c-
tions to leading order such as ARIADNE15, LEPTO16, HERWIG 7, PYTHIA18 and
RAPGAP19. They model multi-parton emission by either parton showers20 (PS)
based on the DGLAP equations or by a chain of independently radiating colour
dipoles21 (CDM). HERWIG uses the cluster hadronisation model22. In all other
programs hadronisation is based on the LUND string model23 as implemented in
JETSET24.
The relative change in percent of the dijet rates defined with the JADE algorithm
for ycut = 0.02 when adding to the LO cross section higher orders based on a leading
logarithm parton shower model (MEPS) is shown in Fig. 3 in the x -Q2 plane applying
typical analysis cuts on the scattered electron. While for Q2 > 100 GeV2, the
relative change only exceeds 20% in the low x region, parton showers change the
dijet rate by a large factor for 10 < Q2 < 100 GeV2 and 1 · 10−4 < x < 2 · 10−3.
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Fig. 4. a) Rate of 2 + 1 jet events as function of the invariant mass of the two jet system
√
sˆ
and the invariant mass of the hadronic final state W . Indicated are the phase space restrictions
introduced when using the cone or the JADE algorithm. b) Fraction of gluon and quark induced
processes leading to 2+1 jet events with ET > 5 GeV and −1 < η < 2 defined by a Kt algorithm in
the Breit frame as function of Q2. The cross section has been calculated in NLO in the kinematic
range x > 1 · 10−4 and 0.15 < y < 0.65.
The influence of parton emissions beyond leading order does also depend on the jet
variables zq and ξ. Since different jet algorithms cover different phase space regions, it
is always important to specify which jet definition scheme was used. Fig. 4 illustrates
the rate of 2+1 jet events as function of the invariant mass of the jet system
√
sˆ and
the invariant mass of the whole hadronic final state W . The rate rapidly increases
towards low
√
sˆ. Indicated as lines are the phase space boundaries introduced by
the JADE and the cone algorithm. With a cut on the transverse energy of the jets
ET > 5 GeV the minimum
√
sˆ which can be reached is 10 GeV, since (in the limit of
massless partons) from E2T = sˆ zq (1− zq) follows
√
sˆ/2 > ET . When using the JADE
algorithm with a resolution parameter dij/W
2 ≈ sˆ/W 2 ≈ ξ, low values of √sˆ can
only be reached for low (high) values of W (x). If one takes ycut = 0.02,
√
sˆ is below
10 GeV for W . 70 GeV. The JADE algorithm with a high resolution parameter is
therefore more restrictive than the cone algorithm. In addition to the region of low√
sˆ, where collinear and infrared divergences become important, it naturally avoids
the region of high W (low x) where a large phase space for multi-parton emission is
available. However, the divergences at small and large zq can only be avoided by a
large ycut.
Multi-jet production allows a variety of quantitative tests of our understanding
of QCD dynamics. In a phase space region where the data are well described by
perturbative QCD, HERA offers the opportunity to extract αs over a wide range
of Q2 in a single experiment. This can be done at large x and Q2 where the parton
densities in the proton are well constrained. At lowQ2 and correspondingly low values
of ξ, gluon initiated processes become increasingly important. Here, the measured
2 + 1 cross section can be used to determine the gluon density assuming a value
of αs. The sensitivity to both αs and g(ξ, Q
2) could also be used to simultaneously
Fig. 5. a) Fractional transverse energy Ψ(r) in a jet defined by a cone algorithm with radius
R = 1 and 37 < Et < 45 GeV in the laboratory frame as function of r =
√
∆η2 +∆φ2. For
OPAL jets with ET > 35 GeV were selected, for CDF (D0) the considered ET range of the jets is
40 (45) < ET < 60 (70) GeV. b) Ψ(r = 0.5) as function of the transverse energy of the jet. QCD
Monte Carlo models are superimposed. They either calculate the dijet cross section in LO and add
multi-gluon emissions based on the colour dipole model (CDM) or by parton showers (MEPS) or
treat QCD effects only by parton showers (PYTHIA).
extract these quantities. Such an analysis is however theoretically and experimentally
difficult. In the region where the data significantly differ from what is expected by a
fixed order calculation of perturbative QCD, jet observables are useful tools to gain
insights in the complex parton dynamics occurring in electron proton collisions.
2. Jet shapes in DIS
The internal structure of jets provides useful information on the transition of a
parton to the complex aggregate of hadrons which can be observed in the detector.
The capability to describe detailed properties of jets is also an important ingredient
when comparison of perturbative calculations with experimental data.
To study the internal structure of jets in the sample of neutral current DIS events
with Q2 > 100 GeV2 jets are found in the laboratory system using the CDF-cone
algorithm25 with a cone radius R =
√
∆η2 +∆φ2 = 1. Only jets are considered which
have in the laboratory frame a transverse energy ET > 14 GeV and lie in the rapidity
range −1 < η < 2. The jet shape is defined as the average fraction of the transverse
energy of the jets inside an inner cone r concentric to the outer jet cone with radius
R:
Ψ(r) =
1
Njet
∑
jets
ET (r)
ET (R)
, ET (r) =
∫ r
0
dr′dET (r
′)/dr′ (4)
110
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Fig. 6. Distribution of the resolution parameter y2 in the JADE algorithm where a 1 + 1 jet event
switches to a 2 + 1 jet event. Shown are unfolded data and the next-to-leading order prediction for
some values of Λ
(4)
QCD. NDIS is the total number of DIS events in the considered kinematic region.
where ET (r) is the transverse energy within an inner cone of radius r and Njet is the
total number of selected jets. By definition 0 < Ψ < 1 and Ψ(R) = 1. The steepness
of the rise of Ψ describes the collimation of the jet.
The jet shape Ψ corrected to hadron level for jets with ET > 37 GeV as function
of r is shown in Fig. 5a. 90% of the jet transverse energy is already contained in
a cone with r = 0.4 around the jet axis. This is very similar to jets produced in
e+e− collisions26 with ET > 35 GeV. The jets selected from pp¯ collisions for 40 (45) <
ET < 60 (70) GeV measured by CDF (D0)
27,28 are considerably broader. This might
be explained by the fact that in e+e− and ep collisions the partons initiating the
cascade leading to the jet are mainly quarks while in pp¯ collisions they are gluons.
The jet shape depends on the transverse energy of the jet. Jets get narrower with
increasing ET as is shown in Fig. 5b.
Monte Carlo models based on a hard subprocess in LO plus additional multi-
gluon emissions are able to describe the data. Also PYTHIA where QCD effects
are only treated by parton showers reproduces the main features of the data. The
best description of the ET dependence of Ψ is obtained when partons are emitted
according to the colour dipole model. The internal jet structure in DIS at HERA is
fairly well reproduced by all QCD models.
3. Determination of the strong coupling constant
The 2+1 jet rate defined with the JADE algorithm depends on the jet resolution
parameter ycut. For each event y2 is defined as the value of ycut where a 1+1 jet event
switches to a 2 + 1 jet event.
A region of phase space is selected where NLO QCD can provide a reasonable
description of the data, and where effects from multi-gluon emissions are small. In
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Fig. 7. Left: Values and total error of αs(MZ) from various processes. The solid line indicates
the world average and the band its total error. Right: αs(Q) from HERA (open symbols) and
other processes with increasing Q (closed circles): ΓΥ and σhad/σtot, event shapes and Γhadron/Γlepton
in e+e−. The preliminary points using the kT algorithm include the statistical errors only. The
predictions of the renormalisation group equation for three values of ΛMS are superimposed as
lines.
the H1 analysis29 this region is defined by: Q2 > 200 GeV2 and W 2 > 5000 GeV2.
To avoid events where the invariant mass of the two jet system is small and where the
cross-section diverges, y2 is restricted to y2 > 0.01. The y2 distribution, corrected to
parton level by an unfolding method30, is shown in Fig. 6. Overlayed is the prediction
of NLO QCD for three values of αs (respectively ΛQCD). In all bins a strong sensitivity
to αs is observed. For one given value of αs NLO QCD gives an excellent description
of the data. The precision which can be expected from this measurement is of the
order of ∆αs(MZ)/αs(MZ) ≈ 5− 10%.
Keeping ycut = 0.02 fixed, the number of 2 + 1 jet events (N2+1) normalized to
the sum of 1 + 1 and 2+ 1 jet events (N2+1+N1+1) can be measured and is sensitive
to αs. Only jets in the acceptance region of 10
o < θjet < 145
o and with zq > 0.1 are
counted. The fractional jet rate R2 = N2+1/(N1+1 +N2+1) can be expressed by:
R2(Q
2, ycut) = A(Q
2, ycut)αs(Q
2) +B(Q2, ycut)α
2
s(Q
2) (5)
From the coefficients A and B which can be calculated in NLO QCD and the measured
R2, αs(Q
2) can be extracted in different Q2 bins. Using the renormalisation group
equation these independent measurements can be used to fit αs(MZ).
For this measurement only the kinematic range of highQ2 and high x is considered
in order to reduce the uncertainties stemming from higher order gluon emissions and
from the hadronisation of a complex partonic configuration. The theoretically and
experimentally difficult region towards the proton remnant is excluded. Three values
of αs(Q
2) extracted by the H131 and ZEUS32 collaboration are shown in Fig. 7. For
increasing values of Q2, αs(Q
2) decreases as predicted by the renormalisation group
equation shown for ΛMS between 100 and 300 MeV (solid lines). An extrapolation
to αs(Mz) yields:
H1 93 : αs(Mz) = 0.123± 0.012 (stat)± 0.013 (syst.)
ZEUS 94 : αs(Mz) = 0.117± 0.005 (stat)± 0.005 (exp.)± 0.007 (th.)
which is consistent with other values obtained from a large variety of different pro-
cesses as shown in Fig. 7 (for ref. see33). The agreement found in e+e−, ep and pp¯ col-
lision for reactions at very different scales is an important and successful test of QCD.
The error on the HERA measurements are even with the present limited statistics
already competitive. The dominant experimental errors stem from the uncertainty
on the energy scale for hadrons, the model dependence of assigning partons to jets
and the phenomenological description of the hadronisation process. Furthermore the
renormalisation scale and the choice of the input parton density systematically influ-
ences the result. These results have been obtained with the NLO program PROJET
or DISJET.
When particles are combined to jets, the details of how the 4−momenta are added
are important, in particular, because higher order QCD calculations are only carried
out for massless partons whereas the jets acquire a mass during the combination
procedure. In the E-scheme 4-momenta are added to massive jets while in the E0 and
P -schemes jets remain massless by rescaling either the 3-momenta or the energy (see
table 1 for details). The dependence of the jet cross section on the recombination
schemes (RS) only appears in the calculation when jets are composed out of more
than one parton. Corrections of O(α3s) due to the different recombination schemes
are potentially large. When applying different recombination schemes to the data,
the measured 2+1 jet cross sections defined with the E and E0 algorithms agree
within few percent, but are lowered by up to 20% for the P -scheme34. In PROJET
only the E scheme is implemented. It is therefore not surprising that the extracted
αs(MZ) agrees within 3% when the E and E0 scheme is only applied to the data, but
gives an inconsistent result when using the P scheme34. An additional problem is that
in the NLO calculation the W algorithm is implemented, while in the experimental
analysis the JADE algorithm has to be used, i.e. mass terms in dij are neglected.
The new NLO programs MEPJET and DISENT reveal a strong dependence on
the recombination scheme35 when using the JADE or W algorithm. In addition lead
these algorithms to large NLO corrections of the dijet cross section.
The cone or kT jet algorithms seem to be better suited for precision QCD tests,
since the variation of the cross section when going from leading to next-to-leading
order is much smaller36. Moreover, these jet algorithms are less dependent on the
choice of the renormalisation and factorisation scale and allow a larger phase space
to be covered.
The ZEUS collaboration has reanalyzed their data37 using the kT algorithm. The
preliminary values of αs(Q) obtained in three bins of Q are shown
din Fig. 7. They
are consistent with the results obtained with the JADE algorithm. The value extrap-
olated to the Z0 boson mass is: αs(MZ) = 0.118± 0.008 (stat).
4. Determination of the gluon density
The parton distributions are well constrained for larger x where a lot of data
are available. However, for low x, where gluons play a crucial roˆle, they are not
well known. In this regime, HERA has the unique possibility to investigate the
distribution of the gluon density in the proton. The scaling violation of the proton
structure function F2 offers an indirect way to get a handle on the gluon density.
This measurement38,39 is possible because of the extremely successful description of
F2 by the NLO DGLAP equations. Observables based on 2 + 1 jet event can -
by including them in the global analysis - provide a further constraint on the gluon
density. Dijet rates can be calculated in next-to-leading order and are sensitive to the
gluon density, since for 10 . Q2 . 100 GeV2 the 2+1 jet cross section is dominated
by gluon initiated processes. In this kinematic region less than about 20% of the 2+1
jet events are induced by quarks (see Fig. 4).
An alternative approach is to only base the analysis on the 2 + 1 jet rate. Since
large invariant jets masses (sˆ > 100 GeV2) are experimentally required to define clean
jets, the very low x regime can not be reached. These measurements are nevertheless
important to fill the gap between the results from small-x scaling violations in F2 and
the data on direct photon and jet production in pp¯ collisions reaching to large-x40.
The H1 collaboration41 has already exploited the 2 + 1 jet production to extract
the gluon density in LO in the range 2 · 10−3 . ξ . 0.18. When processes where only
one gluon is involved are considered, ξ is directly observable and the determination
of g(ξ, Q2) is straight forward. This is however only of limited theoretical interest,
since the LO dijet cross section is subject to large higher order corrections. There
is moreover a large dependence on the arbitrary choice of the renormalisation and
factorisation scale. Only, in NLO a reliable prediction of the dijet cross section is
possible. The 2 + 1 jet cross section, for instance, defined with a cone algorithm for
jets with ET > 5 GeV remains constant within 5% when varying the scale by 3 orders
of magnitude while in LO variations of 40% are calculated36.
A NLO extraction of g(ξ, Q2) requires, however, an iterative procedure where
the input gluon density used in the NLO calculation is adjusted until the theo-
retical dijet cross sections agree with the measurement. This is most efficiently
done by expanding the gluon density for a discrete set of points (ξ1, ..., ξn) using
dOnly the statistical errors are included in the figure.
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Fig. 8. Left: Shape normalised distribution of the transverse energy of jets defined with the
kt algorithm (in the Breit frame) using Q
2/2 as resolution parameter. The data have not been
corrected for detector effects. Superimposed is a simulation based on LEPTO. Right: The function
h(x) describing the non-perturbative contribution of the dijet cross section as defined in the H1
analysis to extract the gluon density in NLO.
appropriate test functions g(ξ, Q2) =
∑nmax
n=1 a(ξn, Q
2) Tn(ξ) such that the integral
σg =
∑nmax
n=1 a(ξn, Q
2)
∫
dξ/ξ Cqq¯(x/ξ,Q
2) Tn(ξ) in equation 1 must only be calculated
once. The coefficient a can then be used in the fitting procedure. Preliminary results
using an elegant technique based on Mellin moments42, where the test functions take
the form Tn = (x/ξ)
n, have been presented by the H1 collaboration34 covering the
range 0.01 < ξ < 0.1 using the JADE algorithm.
Another approach also pursued by the H1 collaboration43 is to use as test functions
cubic splines44 with the property Ti(ξj) = δij and to introduce the 2 + 1 jet rate as
additional observable in a global fit analysis minimizing χ2 = χ2(F2) + χ
2(Rdet2+1).
This has the advantage that no assumption on the quark densities is needed. The
correlation of quarks and gluons via the DGLAP equation is naturally taken into
account. Rdet2+1 as measured in the detector is for each considered kinematic bin
related to the NLO calculation of the dijet cross section σpert2+1 performed by DISENT:
Rdet2+1 =
MIG1+12+1 · (σpert2+1(x,Q2) + hnon−pert.2+1 (x,Q2))
σtot(x,Q
2)
(6)
The coefficients MIG1+12+1 correct for the migration of 1 + 1 to 2 + 1 jet events from
hadron to detector level and can be determined using a fully simulated event sample
based on LEPTO. The transition from partons to hadrons is modeled by a simple
ansatz: hnon−pert.2+1 (x,Q
2) = (α + β log x + γ log2 x + δ log3 x)/Q2 When comparing
NLO calculations to measurements, usually the data are ‘corrected to parton level’
by assuming that this transition is correctly described in a LO (improved by par-
ton showers) Monte Carlo simulation program. To introduce a simple hadronisation
model with additional free parameters in the fit procedure has the advantage that no
a priori assumption on the underlying parton level is needed to relate the NLO calcu-
lation to the measurement. Recently, similar models based on power behaved terms45
have been very successful in describing event shapes in DIS46. In this context theoret-
ical studies suggest that the terms 1/Q may also take into account multi-emissions of
soft gluons associated with the behaviour of the running coupling constant at small
scales45.
In the kinematic range 25 < Q2 < 100 GeV2 and 2 · 10−4 < x < 2 · 10−2 jets
are selected using the kT algorithm with dij = 0.5 and Q
2 as scale. The jet rate for
jets with 7o < θjet < 110
o and zq > 0.15 is measured. LEPTO is able to describe the
shape of most distributions associated to the hard subprocess. As an example Fig. 8
shows the ET distribution of the jets as measured in the detector. LEPTO, however,
fails to describe the absolute jet rate. The measurement is always about 20% above
the predicted jet rate. This is true in the whole considered (x,Q2) plane, but most
pronounced for low Q2 (10 < Q2 < 14 GeV2) and low x (2 · 10−4 < x < 1 · 10−2).
The observed difference can not be accounted for by systematic effects. The most
important systematic error of about 3 − 13% on the dijet rate is mainly due to the
uncertainty of the hadronic energy scale.
The fit to the F2 data and the jet rates leads to a good χ
2(R2+1) = 10 for 11
degrees of freedom, but no influence of the jet data on the extracted parton density
functions is found in this analysis. Also the error band on the extracted gluon density
is only marginally improved. This means that the extracted gluon density is essen-
tially constrained by the inclusive F2 data. The fitted non-perturbative function h(x)
is shown in Fig. 8. Without a strong x dependence of h(x) no satisfactory fit can be
performed.
A possible explanation of this results is that the way in which the kT jet algorithm
is used in this analysis leads to jets with relatively low transverse energy of 3 −
5 GeV (see Fig. 8) such that the found jet system does not always stem from the
hard subprocess. Another explanation is that a fixed order calculation is not sufficient
to account for the data in this phase space region. The difference between the NLO
calculation and the data has therefore to be absorbed in the non-perturbative function
h(x) and consequently no sensitivity of the jet rates to the gluon density is found.
5. Comparision of jet rates to NLO-QCD
A similar observation about the incapability of NLO QCD to describe the dijet
rates has been made by the ZEUS collaboration47. In this study jets are selected using
a cone algorithm in the laboratory frame requiring ET > 4 GeV in the hadronic center
of mass and the laboratory frame and excluding the forward region by ηlab < 2. The
ZEUS 1994 Preliminary
Fig. 9. 2+ 1 jet rate cross section in function of the momentum fraction of the parton entering the
hard subprocess ξ. Data have been corrected to parton level using the QCD Monte Carlo program
LEPTO 6.3. Superimposed is a prediction from the QCD matrix element in LO and in NLO in αs.
data are then corrected to parton level using LEPTO 6.3. The correction factors are
between 1.2 and 1.8 for 4 · 10−3 < ξ < 8 · 10−2, but get very large (up to 3 − 4)
for ξ around 10−3. The shape of variables connected to the hard subprocess like
ET , η and ξ are well described by NLO programs. The absolute value of the 2 + 1
cross section is, however, found to be about 30% higher in the data. This large
difference cannot be explained by experimental effects like variation of the energy
scale or the model dependence in the correction procedure nor by varying theoretical
choices like different parameterizations of the parton densities or different factorisation
and renormalisation scales.
That NLO QCD is not able to describe the dijet rates has recently been reported
by the H1 collaboration48,49. The dijet rate is measured with a cone algorithm using a
cone radius R = 1 and requiring ET > 5 GeV in the hadronic center of mass system.
The rapidity difference between the two jets has to be ∆η < 2. The 2 + 1 jet rate
corrected for detector effects is shown in Fig. 10 as function of x and Q2. NLO QCD
(DISENT) as well as a conventional QCD model based on the exact LO coefficient
functions plus additional DGLAP parton shower (RAPGAP ‘DIR’) clearly fail to
describe the data. This is true for the whole kinematic range 5 . Q2 . 100 GeV2 and
10−4 . x . 10−2, but is most pronounced in the low x and Q2 region. In this region
the prediction of the NLO QCD calculation is a factor of 2 higher than the QCD
model, but is by the same factor below the data. Varying the input parton density
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Fig. 10. 2 + 1 jet rates as function of Q2 and x corrected to hadron level. Jets are defined by
the cone algorithm with ET > 5 GeV in the hadronic center of mass system. The difference in
pseudorapidity between the two jets has to be smaller than 2. The band indicates the systematic
error. Superimposed are the predictions from ARIADNE, a next-to-leading calculation (DISENT)
and from RAPGAP (the direct and resolved contribution are shown separately).
functions leads to a change in the jet rate by up to 30%, but cannot account for the
large discrepancy with the data.
The CDM model as implemented in ARIADNE is able to describe the data. In
this model gluons are emitted from a chain of colour dipoles spanned between the
current quark and the proton remnant. The first emission in the cascade is corrected
by the matrix element to first order50. It has been observed51 that quark induced
processes have a up to a factor of 8 higher cross section than expected from conven-
tional QCD, because the parton distribution functions in equation 1 are replaced by a
phenomenological expression better adapted to the dipole picture. Partons with short
wavelengths having high transverse momenta (PT ) only resolving part of the extended
colour charge distribution of the proton remnant are suppressed by (µ/PT )
α where
µ and α are phenomenological parameters usually set to 1. A similar suppression
depending on the virtuality Q2 is introduced in the direction of the scattered quark.
It has been argued that the partonic state as encountered in ARIADNE is closely re-
lated to the one expected from a BFKL scenario52. In ARIADNE the hardest parton
emission is not bound to the photon vertex, but can happen anywhere between the
photon and the proton remnant.
Such a feature can also be artificially introduced in the conventional QCD model
by assuming that the photon emitted from the incoming electron can fluctuate into
quarks and gluons before entering the hard subprocess. This can be modeled by
assuming a structure in the virtual photon like e.g. parameterized in the SaS model53.
Fig. 10 shows that adding this contribution (RAPGAP ‘RES’) to the processes where
the photon is assumed to be point-like (RAPGAP ‘DIR’) does also reproduce the
measured jet rate.
Only models where the hardest parton emission is not bound to occur at the
photon vertex are able to describe the data. This indicates that in the phase space
region tested by 2+1 jet production higher order processes which cannot be described
by NLO QCD are important. Whether it is sufficient to simply add processes in the
photon direction without being in conflict with other HERA data, is not yet clear.
The phenomenological treatment of higher orders in the colour dipole model has been
proven to be extremely successful in describing all the data on the hadronic final state
which have been measured at HERA54,55. It remains however a puzzle why the shape
of all distributions associated with the hard dijet system, like ET , xp, η etc., is well
described by conventional QCD. It is hard to imagine that the importance of higher
orders only affects the normalisation and not the shape of the distributions.
6. Conclusions
The understanding of jet production in DIS remains one of the main physics goals
at HERA. While with the first HERA data, topics like the measurement of the strong
coupling constant and the gluon density have been attacked with great enthusiasm,
it turned out that these goals can only be achieved in a (very) restricted phase space
region.
Existing data on jet production have always been tailored to a specific goal and
present themselves today as a loose collection of scattered information. While con-
ventional QCD is able to describe the data for Q2 > 100 GeV2 and θjet > 10
o using
the JADE algorithm, a discrepancy of about 30% is found for the low Q2 region
when using the cone or the kT algorithm and excluding the forward region. The fully
acceptance corrected jet rates in this region disagree by about a factor of two.
It seems that before precisely pinning down the strong coupling constant and the
gluon density, one has to systematically investigate the applicability of NLO QCD in
terms of kinematic phase space and the way how the jet observables are defined (jet
algorithm, hard scale etc.).
In future, it will be necessary to measure jet cross sections corrected for detector
effects extending to very low and very large x and Q2 in order to find out where
perturbative QCD is able to describe the data and where the mechanism governing
jet production are more complicated. To achieve this goal the understanding of QCD
models will play a major role.
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